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The practice of clinical and experimental transplantation continues to evolve at 
a rapid pace. To appreciate the current transplant practices, it is first necessary 
to review transplant immunology in its proper context, ie, as a component of the 
complex series of events that promote the repair of damaged tissues. These 
processes are generally catagorized as inflammation, immunity, and tissue 
repair/reinforcement. In general, there are 3 forms of graft rejection; hyperacute, 
acute, and chronic rejection. All 3 forms of graft rejection represent pathologic 
consequences of one or more of these repair-related processes. The various 
graft rejection responses also illustrate several complex immunologic principles 
that need to be considered. These include the definition of an alloantigen, the 
structure and function of major histocompatibility complex molecules, and the 
behavior of antigen-presenting cells and alloreactive T cells. This review com- 
bines these concepts and principles into a discussion of the 3 forms of graft re- 
jection, each of which is addressed at the level of histopathology, pathobiology, 
incidence, and clinical strategies. 
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TRANSPLANTATION immunology 
has coevolved along with the clinical prac- 
tice of organ transplantation and repre- 
sents an interesting blend of traditional 
immunology and clinical observation. The 
traditional paradigms of transplant im- 
munology focus on the behavior of T cells 
in response to graft alloantigen. 14 How- 
ever, recent developments in clinical and 
experimental transplantation have ne- 
cessitated both a rethinking of these tra- 
ditional paradigms 5 " 7 and an emerging 
appreciation for the contributions of ba- 
sic inflammatory mechanisms to graft re- 
jection. 8 - 9 There are several good re- 
views on the key immunologic processes 
that operate in grafts. 1,10,11 In this over- 
view, we will discuss transplant immu- 
nology in the broad context of general in- 
flammation, describe the immunologic 
principles that involve transplantation 
biology, and relate this information to the 
practical aspects of clinical transplan- 
tation. For this review, we have cited 
peer-reviewed publications, selected re- 
views, and book chapters that provide im- 
portant information relating to clinical 
transplantation, inflammation, and trans- 
plantation immunology. To avoid confu- 



sion, we have focused on solid-organ 
transplantation and deal separately with 
bone marrow transplantation (BMT). 

AUTOIMMUNITY AS AN 
INFLAMMATORY RESPONSE 

To understand the various mecha- 
nisms by which allografts are rejected, it 
is necessary to appreciate the pattern of 
biologic events that occur in response to 
tissue damage. In general, the responses 
to tissue damage from transplantation 
surgery range from immediate damage 
control measures through immune sur- 
veillance for invasion by opportunistic 
pathogens and, if necessary, pathogen 
eradication. In patients who are sero- 
logically presensitized to alloantigens 
(ie, graft antigens recognized as '*non- 
self ), this can rapidly proceed to a 
pathologic thrombotic response (hyper- 
acute rejection). When graft alloanti- 
gens are encountered by T cells, the in- 
flammatory responses intensify, and 
pathologic tissue destruction ensues 
(acute rejection). When these T-cell-de- 
pendent responses to graft alloantigens 
are controlled by immunosuppressive 



drugs, acute rejection is avoided, but tis- 
sue repair mechanisms are allowed to en- 
gage. If the repair and structural rein- 
forcement process is prolonged, patho- 
logic tissue remodeling occurs (chronic 
rejection). The characteristics of each 
type of rejection are summarized in the 
Table. As will be described below, each 
form of graft rejection represents a 
pathologic (relative to the graft) mani- 
festation of one or more of these normal 
biologic processes. Thus, it is appropri- 
ate to briefly review the biologic events 
initiated by tissue damage. 

In general, there are antigen-indepen- 
dent causes of tissue damage associated 
with allograft transplantation, including 
peritransplant ischemia, mechanical 
trauma, and reperfusion injury. 12 ' 13 There 
are also antigen-dependent causes, such as 
immune-mediated damage to graft tis- 
sues. Any tissue damage in the graft com- 
promises graft acceptance by promoting 
graft inflammation, a complicated array of 
events that promotes control, pathogen 
surveillance/eradication, and tissue re- 
pair. These 3 processes can each contrib- 
ute in unique ways to the demise of the al- 
lograft, and the clinical control of allograft 
rejection will require the control of each 
of these necessary but potentially harm- 
ful processes. 

Damaged tissues release proinflam- 
matory mediators, such as Hageman fac- 
tor (factor XII), that trigger several 
biochemical cascades designed prima- 
rily for immediate damage control. These 
include the clotting cascade, which in- 
duces fibrin to restore vascular integ- 
rity, and several related fibrinopeptides 
that initiate tissue surveillance by pro- 
moting local vascular permeability and 
by attracting neutrophils and macro- 
phages with subsequent cytokine pro- 
duction. 14 ' 15 This process is assisted by the 
principal product of the kinin cascade, 
bradykinin, which promotes vasodila- 
tation, smooth muscle contraction, in- 
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Summary of Allograft Rejection Responses* 



Features 


Hyperacute Rejection 


Acute Rejection 




Incidence 


Rare (1%, due to rigorous pretransplant 
testing) 


Common (50%), depending on therapeutic 
strategy 


Common (50%), increases with Increasing 
episodes of acute rejection 


Time of onset 


Minutes to days after transplantation 


Usually within 1 y of transplantation 


Usually within 5-10 y, but can be as early 
as weeks after transplantation 


Histopathology 


Thrombosis, platelet and PMN accumulation, 
hemorrhage 


Escalating leukocytic infiltration, edema, 
tissue necrosis 


Leukocytic infiltration may be present, 
interstitial fibrosis, neointima formation 
tn arteries and veins 


Pa thnh i ol on v 


Endothelial cell damage, vascular 
thrombosis, tissue infarction 


T-cell activation by graft alloantlgens, 
progressive, destructive tissue Infiltration 


Prolonged vascular stimulation, prolonged 
liberation of cytokines, chemokines, and 
tissue growth factors; pathologic vascular 
and tissue remodeling; overproduction of 
extracellular matrix by smooth muscle cells 
and fibroblasts 


Primary mediators 


Alloantibodies, complement 


T cells (alloantibodies?) 


Alloantibodles, T-cell products, tissue growth 
factors 


Current therapeutic 
strategies 


None 


' Azathtoprine, steroids, cyclosporin, 

tacrolimus, OKT3, mycophenolate mofetil 


None 


Experimental 
therapeutic 
strategies 


Antibody removal by column adsorption 
or plasmapheresis 


AntML-2 receptor, anti-CD4 monoclonal 
antibody, rapamycln, monoclonal antibodies 
to leukocyte adhesion molecules 


Angiopeptin, lefludamlde, rapamycin, 
mycophenolate mofetil 



*PMN indicates polymorphonuclear leukocyte; OKT3, anti-CD3 monoclonal antibody; and IL-2, interleukin 2. 



creased vascular permeability, and a 
local warning signal, ie, pain. 12 - 13 ' 16 

Macrophages dominate the early phase 
of tissue surveillance, during which time 
they may encounter evidence of inva- 
sion by pathogens, such as bacterial cell 
wall products. In addition, antibodies to 
many common pathogens are present in 
the circulation and can enter the dam- 
age site due to the increased vascular per- 
meability, where they form antigen- 
antibody complexes. These complexes not 
only target pathogens for phagocytosis, 
but also stimulate macrophages to se- 
crete pyrogenic, proinflammatory cyto- 
kines like interleukin 1 (IL-1). In addi- 
tion, immune complexes activate the 
classical complement cascade, which in 
turn releases bioactive intermediates like 
C3a and C5a. These contribute to local 
inflammation in a variety of ways, act- 
ing as powerful chemoattractants and ini- 
tiating mast cell degranulation. Mast cells 
provide the damage site with histamine 
and 5-hydroxytryptamine, which in- 
crease vascular permeability; with pros- 
taglandin E 2 , which promotes vasodila- 
tation and vascular permeability; and 
with leukotrienes B 4 and D 2 , which pro- 
mote leukocyte accumulation and vascu- 
lar permeability. Overall, these pro- 
cesses result in the cardinal signs of 
inflammation: swelling due to edema, red- 
ness due to vasodilation, fever due to cy- 
tokine release, and pain. As will be dis- 
cussed below, hyperacute allograft 
rejection and xenograft rejection are re- 
lated graft pathologies promoted by an- 
tibody-associated elements of these early 
proinflammatory responses. 13 * 16 

Oneinteresting manifestation of these 
early proinflammatory responses that 
can occur in vascularized grafts is reper- 
fusion injury. 12 While the organ is in tran- 
sit between the donor and recipient, it is 
often kept on ice. This temporary inter- 
ruption of vascular perfusion, which can 



last up to 36 hours, allows bioactive pro- 
inflammatory agents to accumulate in 
the graft. When the vascular flow is re- 
stored during transplantation, free radi- 
cals, cytokines, and other bioactive pro- 
inflammatory agents surge through the 
graft vasculature, causing widespread 
inflammation within the graft. When se- 
vere, this inflammation can significantly 
compromise the physiologic function of 
the graft during the immediate postop- 
erative period. 1 ^ 16 

When macrophages encounter evi- 
dence of invasion at a damage site, they 
release cytokines such as tumor necrosis 
factor (TNF) and IL-1, which signifi- 
cantly heighten the intensity of the local 
inflammation by stimulating proinflam- 
matory endothelial responses. 15,17 These 
endothelial changes help to recruit large 
numbers of T cells to the graft site. These 
T cells upgrade immune surveillance pro- 
cedures andinitiate pathogen eradication 
programs, if necessary. Many of these 
eradication programs are used within al- 
lografts when T cells encounter graft al- 
loantigens. Thereafter, the T-ceMepen- 
dent campaign to contain and eliminate 
allogeneic cells, known clinically as acute 
allograft rejection, is relentless and over- 
whelming. T-cell responses to alloanti- 
gens are well studied, and much of this 
review will address the mechanisms by 
which T cells recognize and respond to 
graft alloantigens during acute graft re- 
jection. 

If macrophages enter a damage site 
and fail to encounter evidence of patho- 
gen invasion, or after invading pathogens 
have been effectively eliminated by the 
immune system, the macrophages begin 
to promote the repair and structural re- 
inforcement of the damaged tissues. This 
ancient and complex process involves en- 
dothelial cells, smooth muscle cells, fibro- 
blasts, and the extracellular matrix, all 
operating in a coordinate fashion to pro- 



mote tissue regeneration and neovascu- 
larization. The coordination of this pro- 
cess is mediated by complex patterns of 
biochemical communication. 18 Some of 
these involve direct contact of cells with 
each other or with the matrix, often via 
various integrin adhesion molecules. Oth- 
ers involve indirect contact via soluble 
mediators, like IL-1 and IL-6 , or tissue 
growth factors like transforming growth 
factor, fibroblast growth factor, or plate- 
let-derived growth factor. The net result 
of these interactions is the restoration of 
tissue integrity and function. In general, 
. these processes are beneficial, but aber- 
rations can sometimes lead to undesir- 
able, pathologic tissue remodeling. One 
example of an aberrant response is the 
vascular remodeling and interstitial fi- 
brosis associated with chronic allograft 
rejection. 

DEFINITIONS AND BASIC 
IMMUNOLOGIC MECHANISMS 
OF ALLOANTIGEN RECOGNITION 

The remainder of this review will ad- 
dress alloantigen-dependent inflamma- 
. tory responses. It is worthwhile to define 
alloantigens, to describe how alloantigens 
are observed by the immune system, and 
to delineate the resultant immune re- 
sponses following alloantigen exposure. 

Major Histocompatibility 
Complex Function 

The critical immune components that 
facilitate the recognition of foreign pro- 
teins are the major histocompatibility 
complex (MHC) class I and class II mol^ 
ecules. The primary function of MHC 
proteins is to scavenge peptides and ex- 
hibit them on the surface of cells for re- 
view by T cells. The structure and func- 
tion of the MHC molecules have been 
extensively reviewed. 19 " 21 In general, 
MHC class I molecules are used to scav- 
enge peptides derived from proteins of 
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Figure 22-1 .—One of the 3 pathways of the pre- 
sentation of alloantigenic peptides. Proteins derived 
from graft cells are obtained by recipient antigen- 
presenting cells (APCs), processed, and displayed 
via recipient major histocompatibility complex 
(MHC) class II molecules to recipient CD4* T cells. 
Adapted with permission from VanBuskirk at aJ. 27 

the internal cellular environment, while 
MHC class II molecules are used to scav- 
enge peptides derived from the external 
environment. T cells use their T-cell re- 
ceptors to recognize and bind to MHC 
molecules for the purpose of reviewing 
these bound peptides. 22 

What Constitutes an Alloantlgen 

Traditionally, -an alloantigen is a for- 
eign peptide derived from polymorphic 
regions of allelic variant proteins found 
in different members of the same spe- 
cies. These peptides are bound to self- 
MHC molecules for display to self-T cells 
during "self-MHC-restricted" T-cell al- 
loactivation. Individuals are not toler- 
ant to self-proteins, but only to specific 
peptides of self-proteins, specifically those 
peptides that can bind to their particu- 
lar MHC molecules. 23 - 25 T cells that rec- 
ognize these self-peptides held by self- 
MHC molecules are usually deleted in the 
thymus, resulting in tolerance to the pep- 
tides, and thus the parent protein. By de- 
fault, the residual T cells can identify pep- 
tides that are non-self and presumably 
derived from foreign proteins. During im- 
mune responses to most environmental 
antigens, only self-MHC molecules are 
available. However, immune responses 
to allogeneic cells are much more com- 
plicated: in the unusual case of allo- 
grafts, cells bearing allogeneic MHC mol- 
ecules are also present. These allogeneic 
MHC molecules are quite capable of pre- 
senting peptides to self-T cells. The prob- 
lem arises because each MHC molecule 
has a unique peptide-binding motif, ie, 
pattern of amino acids that permit MHC 
binding. 28,28 In general, allogeneic MHC 
molecules bind different peptides than 
self-MHC. This allows them to bind some 
of the peptides from self-proteins that 
were not used in the developmental, self- 
tolerization process. These cryptic Belf- 
peptides become operationally foreign 




Figure 22-2.— One of the 3 pathways for the pre- 
sentation of alloantigenic peptides. Proteins pro- 
duced by graft-derived antigen-presenting cells 
(APCs) are processed and displayed via graft- 
associated major histocompatibility complex (MHC) 
class I molecules to the recipient CD8 4 T cells. TCR 
indicates T-cell receptor. Adapted with permission 
from VanBuskirk et al. 27 

and can serve as alloantigens during allo- 
MHC-restricted T-cell activation. Thus, 
an alloantigen can be (1) graft-derived 
peptides bound by self-MHC mol- 
ecules; (2) graft-derived peptides bound 
by graft MHC molecules; or (3) self- 
peptides bound by graft MHC mol- 
ecules (Figures 22-1-22-3). 27 The immu- 
nologic consequence of these multiple 
types of alloantigens is a significant in- 
crease in the frequency of T cells re- 
cruited into the allogeneic response. As 
many as 1 in 2000 T cells can respond to 
allogeneic cells, compared with about 1 
in 100 000 to 1 in 1 million T cells that can 
respond to a nominal antigen, such as 
tetanus toxoid. 27 This explains why pri- 
mary T-cell responses to allogeneic cells 
are so much more intense than primary 
T-cell responses to most environmental 
antigens. 

What Constitutes an 
Antigen-Presenting Cell 

Most cell types express MHC class I 
molecules. Some also express MHC class 
II molecules. Thus, most cell types, theo- 
retically, should be able to present alloan- 
tigens to T cells. However, productive 
peptide presentation is accomplished only 
by a few specialized antigen-presenting 
cells (APCs). These APCs include den- 
dritic cells, macrophages, B ceUs, and en- 
dothelial cells. 28 The distinguishing fea- 
ture of these cells istheir unique display of 
eostimulatory adhesion molecules. These 
adhesion molecules serve as h'gands for 
counterreceptors on T cells. Several co- 
stimulatory receptor/hgand systems have 
been identified, including CD28/B7, CD2/ 
LFA-3, VLA-4/VCAM-1, and LFA-17 



Figure 22-3.—One of the 3 pathways for the pre- 
sentation of alloantigenic peptides. Proteins derived 
from the graft recipient are obtained by graft-derived 
antigen-presenting cells (APCs), processed, and 
displayed by graft-associated major histocompat- 
ibility complex (MHC) class II molecules to recipient 
CD4* T cells. TCR indicates T-cell receptor. 
Adapted with permission from VanBuskirk et al. 27 



ICAM-1. There appears to be a general 
hierarchy of APCs {dendritic cells > mac- 
rophages > B cells > endothelial cells > 
fibroblasts), probably based on the pan- 
orama of costimulator systems displayed 
by each cell type. 2 * 51 Other factors that 
influence APC function are the immune 
status of responding T cells (naive vs 
memory) and proinflammatory mediators 
that may be present at the site of APC- 
T-cell contact. 32 ' 34 Since allografts contain 
APCs and are sites of intense inflamma- 
tion that attract additional APCs from the 
host, immune responses at graft sites are 
complex and powerful. 

What Happens When Alloantigen 
Is Presented by a Competent APC 
to a T Cell 

When T cells encounter antigenic pep- 
tides displayed by competent APCs, they 
are activated to produce lymphokines, 
perhaps to acquire cytolytic activity, and 
ultimately to proliferate. In general, CD4 + 
T cells survey peptides displayed by MHC 
class II molecules, ie, monitor proteins in 
the extracellular environment, while 
CD8 + T cells survey peptides displayed 
by MHC class I molecules, ie, monitor pro- 
teins from the intracellular environ- 
ment. 10 Proinflammatory cytokines, such 
as IL-4 and interferon 7 (IFN-7), that may 
be present in the environment can influ- 
ence the result of T-cell activation, includ- 
ing the pattern of cytokines that are se- 
creted, and the acquisition of cytolytic ac- 
tivity. In turn, this defines the character 
of the subsequent immune response. 85 

Various hypotheses have been formu- 
lated to explain how each of the different 



JAMA, December 10, 1997— Vol 278, No. 22 



Transplantation Immunology 1995 



T-ceD functions contributes to allograft 
rejection. Cytotoxic T-Iymphocyte(CTL) 
activity has long been postulated to be 
the primary mediator of graft rejection, 
given that graft-reactive CTLs are fre- 
quently found in rejecting allografts. 2 
However, there is compelling evidence 
that rejection can occur in the absence of 
CTLs. 5,6 In this situation, it has been pos- 
tulated that lymphokines promote acute 
rejection in a delayed-type hypersensi- 
tivity (DTH) fashion. 1 This is an attrac- 
tive model, as both acute rejection and 
DTH responses are in vivo inflammatory 
responses driven by local deposition of 
antigen and characterized by cellular in- 
filtration, edema, and, in extreme cases, 
tissue necrosis. In this regard, the pat- 
tern of lymphokines secreted by alloacti- 
vated T cells could be critical. It has been 
postulated that T-cell activation in the 
presence of IFN--y activates cytolytic T H 1 
cells causing acute rejection, whereas T 
cells activated in the presence of IL-4 ac- 
tivate noncytolytic T H 2 cells that permit 
graft acceptance. 36 However, there re- 
mains considerable controversy regard- 
ing this issue. 7,37 

The source of the APCs involved in 
the allogeneic response may also influ- 
ence allograft survival. AllorestrictedT- 
cell responses (those stimulated by graft 
APCs) have been implicated as the 
prime mediators of acute graft rej ection. 
Self-restricted T-cell responses (those 
stimulated by self- APC) may contribute 
to rejection indirectly, for example, by 
interaction with self-B cells to promote 
alloantibody production. As will be dis- 
cussed below, alloantibodies are delete- 
rious to graft function in many ways. 
Self-restricted T cells may also interact 
with graft-infiltrating macrophages, 
which comprise about half of the graft 
infiltrate, to produce local DTH-like re- 
sponses that may compromise graft 
function. 38 

TYPES OF GRAFT REJECTION 
Hyperacute Rejection 

Histopathology. — Hyperacute rejec- 
tion is characterized histologically by the 
presence of large numbers of polymorpho- 
. nuclear leukocytes (PMNs) within the 
graft vasculature in association with 
widespread micro thrombi formation and 
platelet accumulation. 39 * 40 Vascular integ- 
rity may be compromised, as evidenced 
by hemorrhage. In general, there is little 
or no interstitial leukocytic infiltration. 

Pathobiology.— Hyperacute rejec- 
tion usually occurs within minutes to 
hours of graft implantation. This form of 
rejection is dependent on the presence 
within the graft recipient of preformed 
circulating antibodies with specificities 
for foreign protein polymorphisms dis- 



played by the graft endothelia. Chief 
among these are the ABO blood group 
proteins and the MHC-encoded pro- 
teins. Anti-MHC alloantibodies can re- 
sult from prior transfusions, prior graft 
rejection, or prior pregnancy. Immedi- 
ately on the reestablishment of blood 
flow to the graft, the circulating antibod- 
ies bind to the graft endothelia and ini- 
tiate the complement cascade, leading to 
platelet activation and neutrophil accu- 
mulation and endothelial damage. 40,41 
Endothelial cell damage or destruction 
exposes the subendothelial matrix, a po- 
tent stimulus for the coagulation cas- 
cade. Endothelial cells are equipped to 
avoid complement-mediated destruc- 
tion. However, the bound alloantibodies 
or cascade products can activate endo- 
thelial cells, causing them to shift from 
an anticoagulant to a procoagulant func- 
tional status. In general, this leads to 
rapid thrombosis, loss of vascular integ- 
rity, infarction, and loss of graft physi- 
ologic function. 

Incidence. — Hyperacute rejection 
was a common problem in the early days 
of clinical transplantation. It has become 
relatively rare (fewer than 1% of trans- 
plants) since the introduction of routine 
pretransplant screening of graft recipi- 
ents for antidonor alloantibodies. 4 ^ 44 

It should be noted that xenografts are 
also hyperacutely rejected, because of 
the presence of circulating, "natural" xe- 
noantibodies in all mammalian spe- 
cies. 41 ' 46 The potential use of xenografts 
to alleviate the organ donor shortage has 
stimulated intense experimental inter- 
est in the mechanisms and management 
of hyperacute rejection. 89,40 

Clinical Strategies. — Avoidance of 
high-risk donor-recipient combinations 
remains the only effective clinical strat- 
egy for this form of graft rejection. To 
date there is no effective pharmacologic 
intervention that can control hyperacute 
rejection. Fortunately, hyperacute re- 
jection has been virtually eliminated by 
the early development and continuing 
refinement of rapid, sensitive testing 
methods for detecting donor-reactive 
antibodies. These methods are collec- 
tively referred to as pretransplant cross- 
match tests. 46 In addition to the conven- 
tional complement-dependent cell cyto- 
toxicity method, cross-match testing can 
now be done by flow cytometric or en- 
zyme-linked immunosorbent assay 
(ELISA) methods. The advantages and 
disadvantages of these newer cross- 
match methods are currently being 
evaluated. In addition, several pharma- 
cologic agents that can interfere with the 
complement or clotting cascades are cur- 
rently being evaluated for their abilities 
to interfere with the development of hy- 
peracute rejection. 



Acute Rejection 

Histopathology. — Acute rejection is 
characterized by the presence of leuko- 
cytes, dominated by equivalent numbers 
of macrophages and T cells within the 
graft interstitium. 1 ' 2 In the absence of 
concurrent infection, few PMNs are 
found. Early acute rejection displays 
only a few focal regions of perivascular 
infiltration, which can progress to large 
widespread pools of leukocytes that dis- 
rupt the tissue architecture. Leukocytic 
infiltration of vascular tissues is associ- 
ated with an especially poor prognosis. 
In later stages of rejection, there is also 
microscopic evidence of tissue destruc- 
tion, including pyknotic nuclei and ceDu- 
lar debris. 

Pathobiology. — Within the intersti- 
tial infiltrate of acutely rejecting grafts 
is a small number of recipient-derived, do- 
nor alloantigen-reactive T cells, on which 
the process of acute rejection is abso- 
lutely dependent. 2 Infiltrating graft- 
reactive T cells are very rare and usu- 
ally constitute less than 0.5% of the 
leukocytic infiltrate. These T cells are ac- 
tivated by contact with foreign, graft- 
related peptides that must be displayed 
to them by specialized APCs (ie, macro- 
phages and dendritic cells) of either graft 
or donor origin. 10 However, the exact 
mechanisms by which these alloantigen- 
activated T cells promote graft destruc- 
tion remain ill-defined. The conven- 
tional model suggests that donor- 
specific cytolytic T cells become activated 
and destroy graft cells by lethal direct 
contact. 2 While this may occur, it is not 
essential for the rejection process. 5,6 In- 
stead, the critical destructive activities 
of graft-reactive T cells are probably pro- 
moted by cytokines. All activated T cells, 
including cytolytic T cells, secrete a va- 
riety of proinflammatory cytokines. 1 One 
of these, TNF, is directly cytotoxic. Oth- 
ers, like IFN-7 and IL-1, activate the cy- 
totoxic activities of other infiltrating cell 
types, especially macrophages. Several 
lymphokines, like IFN-y, TNF, IL-1, and 
IL-4, are vasoactive and promote proin- 
flammatory microvascular functions re- 
lated to leukocytic infiltration. 17 ' 47 These 
are generally incompatible with the 
physiologic function of the microvascu- 
lature, ie, regulated tissue perfusion for 
nutrient supply and waste disposal. As 
a consequence of these T-cell-regulated 
inflammatory responses, graft infiltra- 
tion becomes aggressive and relentless, 
leading to tissue distortion, vascular in- 
sufficiency, and cell destruction. Withm 
a few days, these processes can compro- 
mise graft function beyond repair. 

There is a related form of graft rejec- 
tion, called accelerated acute rejection, 
that occurs in individuals who have sen- 
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sitized T cells that were generated dur- 
ing the rejection of a previous graft and 
who reencounter those same alloanti- 
gens on a second graft. In these individu- 
als, rejection occurs very rapidly via 
mechanisms associated with leukocytic 
infiltration and tissue destruction. Usu- 
ally, this form of rejection is too intense 
to be controlled by routine antirejection 
therapy. This consequence of previous 
T-cell allosensitization, in conjunction 
with the immunologic consequences of 
alloantibodies produced after acute re- 
jection and the well-established immu- 
nologic cross-reactivity among alloanti- 
gens, probably account for the relatively 
poor graft survival in retransplant pa- 
tients compared with primary graft re- 
cipients. 43 

Incidence.— The history of increas- 
ingly successful clinical transplantation 
correlates directly with the development 
ofincreasinglyeffectiveimmunosuppres- 
sive strategies to avoid or control acute 
rejection. When generally accepted, 
cyclosporine-based immunosuppressive 
strategies are used, acute rejection epi- 
sodes occur in approximately 50% of 
transplant patients. However, immedi- 
ate graft loss due to acute rejection oc- 
curs in fewer than 10% of these patients 
because of the development of effective 
antirejection therapies, such as treat- 
ment with OKT3, an immunosuppressive 
monoclonal antibody directed at the CD3 
component "of the human T-cell receptor. 

Clinical Strategies. — To date, the 
control of acute rejection has been the 
primary aim of pharmacologic interven- 
tion in transplantation. The drugs used 
for this purpose generally target critical 
intercellular signaling events of T cells 
that are necessary for their functional 
activation. Thus, these drugs can inhibit 
clonal expansion (eg, azathioprine) and 
cytokine production (eg, steroids and cy- 
closporine). The best therapeutic strat- 
egies use combinations of several agents. 
This optimizes the immunosuppressive 
effects at minimal drug dose and there- 
fore minimizes adverse effects. 45 ' 49 Sev- 
eral commonly used agents are azathio- 
prine, a purine analog, blocks DN A rep- 
lication and RNA transcription; steroids 
are cytotoxic for T cells and inhibit cy- 
tokine production by mononuclear cells; 
and both polyclonal and monoclonal an- 
tilymphocyte antibodies are used to tem- 
porarily deplete circulating T lympho- 
cytes to provide a period of immunologic 
unresponsiveness. Cyclosporine and ta- 
crolimus are low-molecular-weight fun- 
gal metabolites used to inhibit lympho- 
kine production by T cells. The advent 
of cyclosporine revolutionized clinical 
transplantation. However, each of these 
agents has adverse effects (eg, bone 
marrow suppression by azathioprine, os- 



teoporosis and adrenal suppression with 
steroids, and renal toxicity with cyclo- 
sporine and tacrolimus). Also, general- 
ized immunosuppression is associated 
with increased incidence of infection and 
malignancy in transplant patients. 

Recently, a variety of new immuno- 
suppressive agents have been developed 
that inhibit acute rejection and, in some 
cases, alloantibody production as well. 
These include mycophenolate mofetil, 
which is in clinical use, and rapamycin 
and anti-IL-2 receptor monoclonal anti- 
body, which are in clinical trials. 50 " 52 
Recent studies using mycophenolate 
mofetil in combination with cyclospor- 
ine-based immunotherapy indicate a 
much lower incidence of acute rejection 
compared with traditional cyclosporine- 
based therapies. 61 * Each of these new 
agents exhibits a unique spectrum of ac- 
tions that distinguishes them from cy- 
closporine and offers attractive alterna- 
tives for transplant physicians. The clini- 
cal challenge will be to integrate these 
drugs into new, effective therapeutic 
strategies that use their advantages and 
minimize negative interactions or toxic 
effects. 

Chronic Rejection 

Histopathology.— This form of rejec- 
tion is characterized by the development 
of blood vessel luminal occlusion due to 
progressive neointimal formation within 
the large to medium arteries and, to a 
lesser extent, veins of the graft. 54 This 
neointima contains, among other things, 
smooth muscle cells and large amounts 
of extracellular matrix material. Vascu- 
lar lesions are confined to the graft, and 
the graft vessels appear to be affected at 
random and to varying degrees, even 
within the same region of the graft. 56 The 
vascular lesions differ somewhat from 
those associated with atherosclerosis, 
but are similar to lesions that sometimes 
develop after balloon catheterization or 
vein grafting. The formation of vascular 
lesions is frequently associated with 
prominent interstitial fibrosis, reflect- 
ing the ongoing deposition of mature 
connective tissue in the interstitium. 64 ' 66 
Associated leukocytic infiltration is usu- 
ally mild or even absent. In later stages, 
there is severe tissue distortion, vascu- 
lar insufficiency, atrophy of graft paren- 
chymal tissues, and, terminally, the ir- 
reversible loss of graft function. While 
the development of these pathologic pro- 
cesses can take years, certain physi- 
ologic and immunologic factors can ac- 
celerate their development to within a. 
few weeks of transplantation. 54 - 60 "'" 17 

Pathobiology. — Chronic rejection is 
not simply delayed acute rejection. 
Rather, it represents a pathologic tissue- 
remodeling response that develops at a 



variable rate as a consequence of peri- 
transplant and posttransplant vascular 
trauma. 9 ' 54 * 66 - 68 Graft vascular endothelia 
that are traumatized by mechanical, is- 
chemic, immunologic, or pharmacologic 
iryury produce cytokines and tissue 
growth factors that initiate vascular re- 
pair and reinforcement mechanisms. 
Vascular smooth muscle cells respond to 
these signals by changing from a con- 
tractile to a synthetic phenotype, prolif- 
erating, migrating toward the endothe- 
lial cells, and producing large amounts of 
newmatrixmaterial. When these events 
occur in the subendothelial region of 
large vessels, an increasingly occlusive 
neointima is formed. Interstitial fibro- 
blasts may also respond to some of these 
endothelial signals by producing colla- 
gen, which would account for the concur- 
rent development of interstitial fibrosis. 
Additionally, the reduced blood flow 
through occluded vessels may contrib- 
ute to regional tissue ischemia, death, 
and fibrosis. 

These tissue-remodeling responses 
may be acutely stimulated soon after 
transplantation, primarily as a response 
to peritransplant ischemia and reperfu- 
sion injury. They may be stimulated 
chronically by the use of vasoactive im- 
munosuppressants like cyclosporine or by 
physiologic conditions leading to vascu- 
lar stress likehighbloodpressureor hyper- 
lipidemia. 5 ^ 62 One strong stimulus to their 
development is the onset of posttrans- 
plant allosensitization, evident as an acute 
rejection episode, the production of do- 
nor-reactive alloantibodies, or both. 68 - 03 ' 64 
Many clinical studies show that post- 
transplant alloantibodies pose a clear risk 
for reduced graft survival. 65 - 66 Studies 
with animals have implicated alloanti- 
bodies as a cause of graft neointimal for- 
mation, presumably by antagonism of 
graft endothelia. 67 However, alloantibod- 
ies are not essential for neointimal for- 
mation, and some cytokines associated 
with acute rejection, like IFN-7, have also 
been associated with neointimal forma- 
tion. 58 In general, it appears that some de- 
gree of chronic graft remodeling may be 
unavoidable in graft recipients and that 
the rate of the remodeling process can be 
influenced by several factors, particu- 
larly posttransplant allosensitization. 

Incidence.— Measurement of the in- 
cidence of chronic rejection depends on 
the time frame selected. Currently, 10- 
year graft survival can be reliably evalu- 
ated, and it appears that by this time, 
chronic graft rejection occurs in about 
50% of transplant patients, as deter- 
mined by evidence of graft dysfunction 
and transplant renal biopsy. 68 When ana- 
lyzed in more detail, it becomes appar- 
ent that the patient subpopulation with 
chronic rejection is generally the same 
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patient subpopulation with previous 
acute rejection episodes. 68 - 69 This illus- 
trates the immunologic relationship be- 
tween acute rejection, which is prima- 
rily apathologicinilammatory response, 
and chronic rejection, which is primar- 
ily a pathologic tissue-remodeling re- 
sponse. It also suggests that the inci- 
dence of chronic rejection may fall 
substantially in patients treated with 
new immunosuppressive agents that re- 
duce the incidence of acute rej ection epi- 
sodes, posttransplant alloantibody pro- 
duction, or both. 

Clinical Strategies.— Currently, there 
is no accepted therapeutic strategy for 
the treatment of chronic rejection. In- 
deed, by the time chronic rejection is 
manifest clinically, it may be irreversible. 
Consequently, prophylactic strategies 
will have to be developed. These should 
be aimed at the risk factors for chronic 
rejection. For example, strategies should 
be developed that minimize peritrans- 
plant ischemia and reperfusion injury. 
These would include the wider use of pul- 
satile graft perfusion during transport 
and peritransplant graft treatment with 
pharmacologic agents that interfere with 
physiologic and immunologic mediators 
of vascular trauma. 9 In addition, it is es- 
sential to develop strategies that com- 
pletely avoid the development of acute 
rejection (allosensitization). Reliance on 
antirejection therapies to reverse acute 
rejection is not sufficient in this regard. 
Finally, therapeutic strategies that inter- 
fere directly with fundamental mecha- 
nisms of tissue remodeling should be de- 
veloped. Current immunosuppressants, 
which were developed to interfere with 
immunologic mechanisms of graft recog- 
nition, have little effect on tissue-remod- 
eling mechanisms. One promising ap- 
proach involves angiopeptin, a somato- 
statin analog under clinical trial, which 
appears to interfere with smooth muscle 
cell participation in the development of 
chronic vascular lesions. 70 

BONE MARROW 
TRANSPLANTATION 

Bone marrow transplantation is the 
preferred treatment for many hemato- 
logic malignancies, including ( 1) diseases 
of hematopoietic origin such as leuke- 
mias, lymphomas, and aplastic anemias; 
(2) rescue therapy following radiation 
and chemotherapeutic treatment for 
malignancy; (3) genetic disorders such 
as severe combined immunodeficiency, 
thalassemia, or sickle cell anemia; and 
(4) therapy for genetic deficiencies. 71 Be- 
cause the patient's immune system is ab- 
lated prior to transplantation, the great- 
est risk after engraftment is not rejec- 
tion of the bone marrow by the patient's 
immune system, but rather an immune 



attack on host cells by the transplanted 
bone marrow (graft-vs-host disease 
[GVHD]). In addition to GVHD and re- 
currence of the original disease, patients 
are at risk for rejection of the bone mar- 
row graft, organ damage resulting from 
the preparative chemotherapeutic and 
radiation treatments, and infection. 
Nonetheless, clinical use of BMT bur- 
geoned in recent years, fostered by the 
ever-increasing survival of recipients, 
the direct result of improvements in his- 
tocompatibility analysis and more effec- 
tive methods of treating GVHD and vi- 
ral infections that plagued earlier trans- 
plant patients. Bone marrow or stem 
cells can be obtained from a variety of 
sources, including autologous donation, 
donation by MHC-matched siblings or 
relatives, MHC-matched unrelated do- 
nors, and cord blood-derived stem cells. 
At present all donors are matched to re- 
cipients for MHC class I and class II 
{HLA-A, HLA-B, and HLA-DR loci). 
The development of rapid DNA-based 
typing methods for HLA analysis has 
greatly improved matching for DR loci 
and will soon be used for HLA-A and 
HLA-B typing as well. 44 Despite these 
efforts, however, GVHD remains the 
major barrier to BMT and stem cell 
transplantation. Ironically, the occur- 
rence of GVHD is not entirely detrimen- 
tal, since patients who experience some 
GVHD have a lower incidence of leuke- 
mia recurrence following BMT. 

Currently , there is an enormous effort 
to develop worldwide bone marrow and 
cord blood registries to increase the 
identificationofMHC-matchedBMTdo- 
nors. The National Marrow Donor Pro- 
gram in the United States currently has 
approximately 2 million registered do- 
nors. This effort has been hampered by 
the limited number of potential donors 
and the high degree of genotypic diver- 
sity in some racial groups. These limita- 
tions make it increasingly important to 
develop therapeutic strategies that per- 
mit MHC-mismatched BMT. One prom- 
ising therapeutic strategy is to trans- 
duce donor T cells with a suicide gene 
prior to transplantation. Two indepen- 
dent groups 22 - 72 have reported the inhi- 
bition of GVHD by transducing donor T 
cells with viral thymidine kinase using 
either the IL-2 promoter or a retroviral 
vector, and subsequently treating with 
ganciclovir. Indeed, Bonini and col- 
leagues 72 have successfully controlled 
GVHD in 5 patients by ganciclovir-in- 
duced elimination of the transduced do- 
nor cells. 
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